Background-Accumulation of immune cell populations and their cytokine products within tracheobronchial airways contributes to the pathogenesis of allergic asthma. It has been postulated that peripheral regions of the lung play a more significant role than proximal airways with regard to inflammatory events and airflow obstruction.
Introduction
Atopic asthma is a chronic inflammatory disease of the lungs, characterized by airflow obstruction and bronchial hyper-reactivity in response to allergen inhalation. Based on findings from human studies and animal models, it is apparent that many different immune cells and cytokines are involved in the pathogenesis of asthma (reviewed in [1] ). Evaluation of airway biopsies and lavage fluids has been a useful approach in determining the key cellular components and mediators that are immunomodulated in human asthmatic subjects. This approach has been utilized to demonstrate enhanced accumulation of antigenpresenting dendritic cells, activated T helper (Th) cells, and eosinophils within biopsy specimens obtained from atopic asthmatics [2] [3] [4] [5] [6] [7] [8] . IgE antibodies are central to the establishment of allergy; evidence of local (airway) synthesis includes the identification of mature epsilon heavy chain-containing cells in the nasal mucosa of patients with allergic rhinitis and increased allergen-specific IgE within bronchoalveolar lavage after segmental allergen challenge of atopic asthmatics [9, 10] . Cytokines, chemokines, and corresponding receptors associated with recruitment and effector functions of all of the aforementioned immune cell types (i.e. IL-4, monocyte-derived chemokine (MDC), CCR3) have also been reported to be elevated in biopsy and lavage of patients with asthma (reviewed in [11] [12] [13] ).
Histopathology of lung sections obtained post-mortem from patients with asthma indicates that immune cells accumulate throughout the entire conducting airway tree [14] [15] [16] [17] . Disregarding compartments (epithelium or interstitium), comparative analysis of large vs. small airways in asthmatics shows no difference with regard to overall number of lymphocytes and eosinophils [15, 17] . However, Hamid et al. [17] do report a significant increase in activated EG2 + eosinophils within airways less than 2 mm in perimeter, suggesting that the peripheral lung environment plays an important role in eosinophil effector functions. When the subepithelial space is separated into defined regions, comparison of large cartilaginous airways (perimeter >3.0 mm) and small airways (perimeter <3.0 mm) from patients with severe asthma or cystic fibrosis shows differential distribution of inflammatory cells with regard to compartments [14] . Specifically, larger airways of asthmatics are characterized by a higher density of CD45 + leucocytes and eosinophils within an inner 'ring' comprised of the space between basement membrane and smooth muscle, as compared with an outer interstitial ring comprised primarily of smooth muscle. In small airways, this relationship is reversed; CD45 1 leucocytes and eosinophils predominantly accumulate within the outer interstitial ring of small airways as compared with the inner region. Available data on spatial distribution of cytokine and chemokine expression are limited. It has been reported that small airways contain more cells expressing IL-5 mRNA as compared with large airways; the majority of IL-5 expressing cells are CD3 + T lymphocytes [18] . Although strong histopathological and molecular evidence suggests that immune cell populations and mediators accumulate differentially within large vs. small airways, specific airway generations and compartments (i.e. epithelium vs. interstitium ) have not yet been defined in this manner in an animal model.
To address this issue, we have utilized stereological approaches to map the distribution of CD1a + dendritic cells, CD4 + Th cells, CD25 + activated cells, IgE + cells, eosinophils, and proliferating cells within either epithelial or interstitial compartments throughout the length of the conducting airway tree. We have previously reported that sensitization and challenge of adult rhesus macaque monkeys to the relevant human allergen, house dust mite (HDM), result in the development of immunological, physiological, and structural parameters consistent with human allergic asthma [19] . In this current study, we have utilized histological specimens from the aforementioned study to compare the distribution of immune cells throughout the conducting airway tree. In conjunction with histopathological analysis, we have also assessed airway generation-specific tissue samples from this study to determine the mRNA levels for a panel of 21 cytokines/chemokines and three chemokine receptors. Our findings indicate that there are regional differences in the distribution of key effector cell types in asthma throughout the conducting airways, as well as by compartment (epithelial vs. interstitial). In addition, by molecular analysis of immune mediators throughout the conducting airways of HDM-challenged monkeys, we also show that mRNA expression of key cytokines and chemokines in asthma is dramatically elevated within peripheral airways.
Methods

Animal and experimental protocol
Rhesus macaque (Macaca mulatta) monkeys used for this study were previously characterized as a non-human primate model of allergic asthma [19] . Briefly, three adult female monkeys were sensitized by SQ injection of 12.5 μg HDM in 10 μg aluminium hydroxide with 10 11 killed Bordetella pertussis-injected IM. On days 30 and 74 following initial sensitization, monkeys received booster injections of HDM. On days 14, 15, 16, and 46 following initial sensitization, monkeys received 94 mg of HDM instilled intranasally. Subsequently, monkeys were housed in filtered air and exposed to aerosolized HDM (437 ± 69 μg/m 3 protein) for 2-3 h, three times per week, for approximately 3 months. Control monkeys were rhesus macaques of comparable age that were obtained from the colony and maintained in filtered air; controls had negative skin tests for HDM. Monkeys were necropsied at 24 h post-allergen aerosol exposure as described in [19] . All animals received an injection of 5-bromo-2′deoxyuridine (BrdU; 30 mg/kg) at 1 h prior to necropsy; this concentration has been reported to be sufficient for cellular labelling with minimal toxicity in rhesus monkeys [20] . All aspects of animal work were performed in accordance with institutional guidelines for the California National Primate Research Center.
Histopathology/immunohistochemistry
Following necropsy, cross-sections of trachea and the entire right middle lobe from each animal were fixed by inflation with glutaraldehyde/paraformaldehyde (1%/1%), and sliced perpendicular to the long axis of the intrapulmonary airway. To allow for progressive proximal to distal sampling of intrapulmonary airways, each right middle lobe slice was numbered in sequence prior to embedding in Araldite. Two micrometre plastic sections from alternately numbered Araldite blocks were sampled; airway generations in blocks derived from the right middle lobe were defined as proximal (P1 and P2) and midlevel (M1 and M2). For the quantitation of eosinophils, haematoxylin and eosin (H&E)-stained thin plastic sections were used for optimal resolution of cellular structure.
For all other immune cell types, quantitation was performed on cryosections prepared from the trachea and left caudal lobe of each animal. The left caudal lobe was inflated with a 1 : 1 mixture of OCT freezing compound (Sakura Finetek, Torrance, CA, USA) and phosphatebuffered saline (PBS) and sliced perpendicular to the long axis of the intrapulmonary airway. As with the right middle lobe, each left caudal lobe slice was numbered in sequence prior to freezing in OCT moulds. Tissue blocks were cut in to approximately 7-8 mm thicknesses; the entire lung lobe consisted of 13-14 blocks. Five micron frozen sections from alternately numbered OCT blocks were used for immunofluorescence and immunohistochemical staining. Airway generations in blocks derived from the left caudal lobe were defined as proximal (P1 and P2), midlevel (M1 and M2), and respiratory bronchiole (RB).
For immunofluorescence staining, 5 μm cryosections of the left caudal lobe and trachea were fixed in ice-cold acetone for 10 min and allowed to dry. To block non-specific binding of antibodies, cryosections were incubated for 10 min with purified goat IgG (10 μg/mL; Sigma, St Louis, MO, USA) or donkey IgG (10 μg/mL; Jackson ImmunoResearch Laboratories, Westgrove, PA, USA) at RT. Cryosections were then stained with (1) fluorescein isothiocynate-conjugated mouse anti-human CD1a monoclonal antibody (1 μg/ mL; BD Biosciences Pharmingen, San Diego, CA, USA) or (2) mouse anti-human CD4 monoclonal antibody (tissue culture super-natent from clone OKT4; ATCC, Manassas, VA, USA), and fluorescein isothiocynate-conjugated mouse anti-human CD25 monoclonal antibody (1 μg/mL; Becton Dickinson Immunocytometry, San Jose, CA, USA), or (3) mouse anti-human CD4 monoclonal antibody and biotinylated mouse anti-rhesus CD3 monoclonal antibody (1 μg/mL; Biosource, Camarillo, CA, USA), or (4) goat anti-human IgE polyclonal antibody (1 μg/mL; Bethyl Labs, Montgomery, TX, USA). ALEXA 568conjugated goat anti-mouse IgG, ALEXA 488-conjugated donkey anti-goat IgG, and ALEXA 488-conjugated streptavidin from Molecular Probes (Eugene, OR, USA) were used as secondary detection reagents for anti-CD4, anti-IgE, and anti-CD3 antibodies (1 : 1000 dilution). Cellular incorporation of BrdU was detected by staining acetone-fixed cryosections with a mouse anti-BrdU monoclonal antibody purchased from DAKO (Carpinteria, CA, USA), followed by a biotinylated goat anti-mouse IgG (Vector Laboratories, Burlingame, CA, USA), an avidin-bound peroxidase complex (ABC Vectastain peroxidase mouse IgG kit, Vector Laboratories) and 3,3′-diaminobenzidine (Sigma, St Louis, MO, USA). Appropriate isotype control immunoglobulins (Sigma) were tested with all antibodies used in quantitation of immune cell types.
Morphometry
Eosinophils and BrdU + cells within stained lung sections were quantitated with an Olympus BH-2 microscope and the CAST version 2.00.04 software (Olympus, Ballerup, Denmark) at × 400. A minimum of 10 fields per block were selected using stratified sampling with a random start. Using the eosinophil as an example, points of a 16-point grid that fell on eosinophils were counted (P eos ) and those points that fell on either epithelium or interstitium were counted as the reference volume of the epithelium (P epi ) or interstitium (P int ). The volume density of eosinophils per volume of epithelium or interstitium was calculated as
The surface of epithelial basal lamina per unit volume of epithelium S ν bl;epi or interstitium (S ν bl;int ) was calculated on cross-sections of airways at × 100 using an Olympus BH-2 microscope with the CAST version 2.00.04 software (Olympus) as where l/p is the length per test point on four lines oriented either horizontally or vertically in a counting frame, I bl is the number of line intersections of the epithelial basal lamina, and P epi or P int the number of points that hit epithelium or interstitium, respectively. The volume of eosinophils within the epithelial or interstitial compartment per surface area of basement membrane (mm 3 /mm 2 ) was then calculated as Five micron cryosections of immunostained CD1a + dendritic cells, CD4 + Th lymphocytes, CD25 + cells, and IgE + cells were imaged using the appropriate excitation and emission filters for the cellular-labelled fluorochromes (listed above) on an Olympus Provis Microscope at × 600. Images were captured using a Zeiss camera at a resolution of 150 pixels/in in a 1300 × 1130 pixel image for each of 10 fields for a selected airway, using stratified sampling with a random start within each block. The images were imported into the Stereology Toolbox ® (version 1.1, Morphometrix, Davis, CA, USA) for estimation of the volume density of each of the immunostained cells in airway epithelium or interstitium using a 125-point grid. The volume density of each cell type in the epithelium or interstitium and their normalization to the basal laminar surface was performed as described above.
Quantitation of cytokine mRNA by real-time polymerase chain reaction
Immediately following necropsy, specific airway generations were microdissected from the unfixed right caudal lobe of each monkey as previously described in [21] . Each airway sample was snap-frozen in liquid nitrogen, homogenized, and extracted for RNA using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. cDNA synthesis and real-time PCR analysis were performed as previously described [22] . Briefly, primers were designed using Primer Express software (Applied Biosystems, Foster City, CA, USA), using sequences obtained through the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/). Using SYBR green buffer (Applied Biosystems), real-time PCR analysis was performed on an ABI PRISM 5700 Sequence Detection System, using default settings for amplification. PCR amplification of the housekeeping gene ubiquitin was performed for each sample to control for sample loading; sample values were normalized with ubiquitin values according to the manufacturer's instructions. There were no significant differences in ubiquitin values for all airway generations sampled (data not shown).
In situ hybridization
An IL-4 RNA probe was generated by RT-PCR amplification of a 252 base pair fragment from rhesus monkey lung cDNA, using the primers 5′AACTGCCATATCGCCTTA CG and 5′GTTTCAGGAATCGGATCAGC. Primers for monkey IL-4 were designed using Genbank sequence data for rhesus monkey IL-4 cDNA. The IL-4 PCR product was cloned into a pGEM T-Easy vector (Promega Corporation; Madison, WI, USA), allowing for generation of sense and anti-sense RNA transcripts by SP6 and T7 RNA polymerases. The identity and orientation PCR inserts were verified by sequencing (data not shown). Sense and anti-sense RNA probes were biotinylated using the BrightStar Psoralen-Biotin kit (Ambion; Austin, TX, USA) and assessed via dot blots using avidin conjugated to alkaline phosphatase as a detection medium.
For in situ hybridization, frozen sections of the left caudal lobe were dried at room temperature, and then fixed with a 4% paraformaldehyde phosphate buffer for 18 h. After a 5 min proteinase K treatment (50 μg/mL), each airway section was probed with 5 μg of IL-4 sense or anti-sense RNA probe. Sections were allowed to hybridize overnight in a humid chamber at 55 °C. Hybridized sections were then treated with RNAase, washed, and incubated with streptavidin-alkaline phosphatase. NBT/BCIP was used as a substrate for alkaline phosphatase, and colour detection using light microscopy was possible 1.5 h after the substrate was added.
Statistics
Unless indicated, all data are reported as mean ± SE. Groups were compared using a twoway analysis of variance (Stat-view, SAS institute, Cary, NC, USA).
Results
Distribution of immune cells within allergen-challenged airways
We determined whether immune cells associated with the allergic asthma phenotype preferentially accumulate within different tracheobronchial airway generations by assessing cryosections with a stratified sampling approach that allowed for sequential analysis of airway mucosa from the trachea through proximal and distal regions of the left caudal lobe. To identify antigen-presenting cells within airway mucosa of HDM-challenged monkeys, we immunostained lung cryosections with a monoclonal antibody against CD1a, a marker that defines a population of dendritic cells. As shown in Fig. 1a , cells that stain positive for the anti-CD1a antibody within tracheal epithelium have a dendritic appearance. The volume density of CD1a + dendritic cells within both epithelial and interstitial compartments of HDM-challenged airways was significantly increased; CD1a + cells were rarely detected in control animals (Figs 1c and d) . Within allergen-challenged animals, CD1a + cells accumulated maximally in the trachea and the most proximal generations of intrapulmonary airways; this was significantly affected within the epithelial compartment (P<0.0001).
The distribution of Th cells within tracheobronchial airways was assessed by a combined cell surface staining for CD3 and CD4 in lung cryosections. There was a trend towards elevated volume density of CD3/CD4 fluorescence double-positive cells within the epithelial compartment of airways from HDM-challenged animals (Fig. 2c, P=0 .07). The volume of CD4 + lymphocytes was significantly elevated within the interstitial compartment of HDM-challenged airways in comparison with controls ( Fig. 2d ). Both control and HDM monkeys exhibited similar distribution profiles for CD4 + lymphocytes within the epithelial compartment; abundance was highest within the proximal to midlevel intrapulmonary airways. Within the interstitial compartment, there was a significant block-dependent effect of CD4 + lymphocyte accumulation, whereby the volume density of this cell type peaked within the second block of intrapulmonary proximal airway (block P2).
As an index of cellular activation, airway levels were evaluated for expression of CD25, the receptor for IL-2. The volume of CD25 + cells within the epithelium was significantly elevated in HDM-challenged monkeys (Figs 2a and e); very few CD25 + cells were detected in airways of control animals. Within the interstitial compartment, there was a trend toward increased CD25 + cell abundance within HDM-challenged monkeys ( Fig. 2f; P=0 .0818). The volume of interstitial CD25 + cells was highest in the trachea, whereas epithelial CD25 + cells were uniformly distributed for all airway generations examined. Except for the trachea, the volume of CD25 + cells within the epithelial compartment was approximately the same as CD4 + lymphocytes in all airway generations sampled.
The abundance of cells that express IgE or have cell surface-associated IgE was significantly increased in HDM-challenged monkeys. As shown in Fig. 3a , cells that stained positive for an antibody against IgE were of multiple phenotypes; some were defined by a large nucleus and a small amount of cytoplasm, whereas others were large irregularly shaped structures within the interstitium. There was at least a two-fold greater volume of IgE + cells within the interstitium as compared with the epithelium in HDM-challenged monkeys (Figs 3b and c). Like CD1a + and CD25 + cells, the volume of interstitial IgE + cells progressively decreased from the most proximal conducting airway (trachea) to the most distal conducting airway (RB). In contrast, epithelial IgE + cells progressively increased in abundance from large to small airways (subsegmental bronchi, terminal bronchioles, and RBs).
Eosinophils were detected within airways by H&E staining of plastic sections and defined as cells containing red granules with bilobed nuclei. The abundance of eosinophils within airways of HDM-challenged monkeys was significantly increased; no eosinophils were detected within the epithelial compartment of control animals (Figs 4a and b ). Interstitial eosinophils were most abundant within the trachea. With the exception of the trachea, eosinophil volume within both epithelial and interstitial compartments was similar for all airway generations evaluated in allergen-exposed animals.
Incorporation of BrdU was utilized to detect proliferation of cells within airways following allergen challenge. BrdU labelling was detected within both epithelial and interstitial compartments, and volume significantly increased in HDM monkey airways (Figs 5a and b ). Cells labelled with BrdU were primarily found as lymphocyte aggregates within the interstitium; proliferating cells were not CD3 + by immunostaining (data not shown). Although infrequent, some epithelial and interstitial smooth muscle cells were also detected with this stain. Proliferating cells were most abundant within the interstitium of proximal intrapulmonary airways.
Distribution of cytokines, chemokines, and chemokine receptors within allergenchallenged airways
To determine whether cytokine and chemokine expression associated with the allergic asthma phenotype was altered in magnitude throughout large and small airways, we assessed microdissected airways from HDM-challenged monkeys by real-time RT-PCR. As shown in Fig. 6a , tissue samples obtained from trachea, the most proximal portion of the intrapulmonary airway, a midlevel conducting airway (a region containing the last generations of cartilaginous subsegmental bronchi), and RB were assessed for cytokine/ chemokine mRNA levels. Because of intraanimal variability, each one of three HDMchallenged animals was compared with a pool of values from five different control animals to determine the relative gene expression levels. Among the 21 cytokines/chemokines evaluated, a number were consistently elevated throughout the sampled airways (although at varying levels), including IL-4, IL-5, MCP-3, and IL-12 p40. In addition, expression of three chemokine receptors, CCR4, CCR5, and CCR7, was elevated in HDM-challenged monkeys relative to controls. In comparing different airway levels, mRNA for a number of cytokines and chemokines were markedly elevated within midlevel airways in two out of three monkeys; the third monkey within the group exhibited this increase within RBs.
To correlate mRNA analysis from tissue samples with histology, in situ hybridization was performed on an airway level (block 3) that corresponds to the most prominent site of expression for IL-4. As shown in Fig. 7 , multiple cellular phenotypes contain IL-4 mRNA within airways of HDM monkeys. These include clusters of enlarged lymphocytes within the interstitium as well as smaller lymphocytes associated with glands.
Discussion
Because of many similarities with the human immune system and lung architecture, rhesus monkeys serve as an excellent animal model for evaluation of pulmonary mucosal immunity [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . We have previously reported that a defined protocol for HDM exposure of adult rhesus macaque monkeys results in the development of immunological, physiological, and structural parameters consistent with human allergic asthma [19] . Here, we have utilized histological specimens and airway generation-specific tissue samples directly from the aforementioned study to investigate the distribution of immune cells and determine mRNA levels for a panel of 21 cytokines/ chemokines and three chemokine receptors throughout the conducting airway tree. For each of the five immune cell types evaluated, we have found distinct trafficking patterns throughout the lung that differ by airway generation and subcompartment within the airway wall. The expression profile for cytokine and chemokine mRNA also varied by airway generation; in general, expression of immune mediators was more pronounced in peripheral intrapulmonary conducting airways as compared with proximal airways.
In this study, we have quantitated the abundance of key immune cells for allergic asthma throughout the entire conducting airway tree by sequential analysis starting with the most proximal region (trachea) and ending with the most distal region (RB). In addition, within each airway generation sampled, immune cells were separately evaluated within epithelial and interstitial compartments. For selection of image fields, a stratified sampling approach was used to limit any bias imposed during data collection. Finally, calculation of cellular volume relative to the volume of the epithelial or interstitial compartment sampled (prior to normalization to surface area of basement membrane) is of particular relevance in a disease state that is characterized by inflammation-induced oedema. Concurrent analysis of cytokine/chemokine mRNA levels within defined airway generations from adjacent lung lobes allows for spatial correlation of specific immune cell populations with expression of immune mediators. In the human lung, a similar methodology can be used in tissue samples collected by bronchoscopy. However, this approach is constrained by limited accessibility to distal airways, depth of sampling into the airway wall, and loss of epithelium during the procedure. There are several laboratories that have investigated the distribution of immune cells within the entire wall of both cartilaginous and noncartilaginous human airways; yet, these reports are limited to post-mortem samples or lung resections, which can be problematic with regard to consistent tissue processing [14, 15, 17] . To the best of our knowledge, anatomic investigation of the pulmonary mucosal system throughout the conducting airways has not yet been reported in the literature.
Because the antigen-presenting function of dendritic cells plays a critical role in the priming of immune responses, we evaluated the distribution of this cell type within airway mucosa using CD1a as a marker (Fig. 1 ). Although there are additional cell surface markers to define immature dendritic cell subpopulations (reviewed in [33] ), CD1a has been utilized by several investigators to demonstrate significantly increased numbers of this cell phenotype within biopsy samples of patients with asthma in comparison with control subjects [2] [3] [4] 8] . For the interstitial compartment, our data support the previous findings in human asthmatic subjects. In contrast with Möller and colleagues, we have also found significantly increased abundance of CD1a + cells within the airway epithelium of HDM monkeys. This apparent discrepancy in findings may be attributed to the frequent loss of epithelium (and therefore limited sampling) because of bronchoscopy [3, 34] . A more recent report confirms the presence of CD1a + dendritic cells within the human lung, but primarily within the epithelial compartment of both large and small airways; it should be noted that airways were sampled from lung resections and did not include the trachea [35] . In the monkey, CD1a + dendritic cells preferentially accumulated within the trachea and most proximal intrapulmonary airways; there were few CD1a + cells within distal intrapulmonary airways regardless of allergen exposure. Further, the volume of CD1a + cells within the epithelial compartment of proximal airways was roughly equivalent, if not greater than the volume of CD1a + cells in the interstitial compartment. This pattern of distribution is in contrast with other immune cell types evaluated in this study, where the interstitium appeared to be the primary reservoir for accumulated cells at any particular site. These results suggest that the trachea and proximal intrapulmonary airways are a major site for CD1a + dendritic cell accumulation.
In human subjects, it has been reported that the overall number of CD4 + lymphocytes within the interstitial compartment of airway mucosa is not significantly different between asthmatics or healthy controls [6] . In this current study, the interstitial volume density of CD4 + lymphocytes within HDM-challenged monkeys was significantly greater as compared with controls, accumulating preferentially within a proximal to midlevel region of the intrapulmonary airways (Fig. 2d ). In addition, we observed a trend towards increased abundance of CD4 + lymphocytes within the epithelial compartment of HDM monkey airways as compared with controls (Fig. 2c) . This finding has not been reported in human subjects, as the epithelium from bronchoscopy specimens is often problematic to conserve [3, 34] . Th cells play a crucial role in the orchestration of the immune responses that result in the asthma phenotype; yet, bronchoalveolar lavage and biopsy data from human studies do not indicate a substantially increased recruitment of this cell type within the asthmatic lung. In situ hybridization and immunohistochemistry cytokine data strongly support a change in effector function by airway T cells, suggesting that it is a shift in phenotype, and not quantity of T lymphocytes that is important [7] . Our data may provide an additional explanation for this apparent discrepancy, by showing that the epithelium may be a significant site for Th cell recruitment and accumulation in the asthma phenotype. Along with Th cell distribution, we also found an increase in the volume of CD25 + cells within both epithelial and interstitial compartments (Figs 2e and f) ; results for the interstitial compartment are consistent with human studies [5, 6] . A number of different immune cell types can express CD25 upon activation, including Th cells, T cytotoxic cells, B cells, and eosinophils [36] [37] [38] .
Detection of elevated levels of IgE (total and allergenspecific) within serum is frequently a hallmark parameter of allergy; yet, available data on pulmonary mucosal IgE are limited. Evidence of local IgE synthesis within the airways has been alluded to by molecular analysis of e-chain transcripts, as well as airway lavage [10, 39, 40] . In this study, we have utilized an antibody to detect cells within the airway mucosa that synthesize IgE (mature B cells, plasma cells), as well as cells that have surface IgE (Fig. 3a) . In addition to mast cells, a number of cell types within the airway mucosa can express the high-affinity receptor for IgE, Fc eR1, including monocytes, dendritic cells, and epithelium [2, 41] . Within both epithelial and interstitial compartments, the abundance of IgE + cells was significantly increased in HDM monkeys (Figs 3c and d) . The accumulation of IgE + cells within the interstitium was most pronounced within proximal airways, whereas IgE + cells within the epithelium were most abundant in distal airways. It was not possible to definitively identify IgE-secreting B lymphocytes from other cell types within the airway mucosa. However, BrdU staining demonstrated a significant increase in abundance of proliferating cells (Fig.  5) , the majority of which were detected in germinal centres of lymphoid aggregates from proximal airways (data not shown).
Airway eosinophilia within both lavage and mucosa is a consistent cellular characteristic of asthma [5, 6, 42, 43] . In HDM monkeys, eosinophil volume was significantly elevated within both epithelial and interstitial compartments, but not in a uniform manner throughout the airway tree (Figs 4a and b) . Interestingly, we found that eosinophil volume was substantially greater within tracheal interstitium of HDM monkeys (as compared with intrapulmonary airways), whereas the volume within the epithelial compartment remained relatively invariable until the most distal airway generation sampled. We did not evaluate the carina or mainstem bronchi to determine at which point this phenomenon would subside. Regardless, the data suggest that the cellular microenvironment of the trachea preferentially promotes local recruitment of eosinophils from the vasculature. Alternatively, eosinophil trafficking into the airway lumen may be enhanced in the lower airways, thereby depleting and reducing the volume of eosinophils from the interstitium. It is notable that within control animals, no eosinophils were detected within the epithelium of any airway generation sampled. With the exception of the trachea, a site that is infrequently sampled in the human literature, our findings within the intrapulmonary airways do support the findings of Hamid et al. [17] . Subsequent studies with markers of eosinophil activation may further support a parallel trafficking pattern in the monkey model. Elevated IL-4 and IL-5 mRNA in bronchial biopsies is a consistent observation in patients with allergic asthma, correlating with serum IgE levels and the severity of asthma [44] [45] [46] [47] . As such, it was not unexpected to observe elevated mRNA levels for IL-4 and IL-5 within airways of HDM monkeys (Fig. 6b) . Although all generations studied exhibited some degree of increase in IL-4 and IL-5 as compared with controls, mRNA levels for both cytokines were markedly elevated within mid-level (distal bronchus) intrapulmonary airways. For IL-4, our in situ hybridization data suggest that multiple cellular phenotypes of lymphoid origin contribute to the airway expression profile for this cytokine (Fig. 7) . In parallel with studies from human subjects, IL-13 mRNA expression was elevated within HDM monkeys, primarily within mid-level intrapulmonary airways [48] . mRNA expression for IL-12 p40 was also elevated in two out of three HDM-sensitized and -challenged monkeys. IL-12 has a key regulatory role in Th1 cell differentiation; yet, recent studies demonstrating elevated expression of IL-12 p40 by airway epithelium in asthmatics and in response to viral infection suggest a more generalized role in mucosal defence mechanisms [49] .
Of the three different chemokine receptors evaluated in this study, expressions of CCR4 and CCR7 were most pronounced in mid-level intrapulmonary airways and RBs of HDM monkeys. Our finding of increased CCR4 mRNA is consistent with recent reports of increased CCR4 + T cells within airways of patients with asthma at 24 h post-allergen challenge, in conjunction with elevated expression of MDC and thymus-and activatedregulated chemokine by epithelium [12] . CCR7 is primarily expressed on naïve T cells and mature dendritic cells; interaction with its ligand CCL21 is important for trafficking to secondary lymphoid organs [50, 51] . Because it is unlikely that naïve T cells are recruited to the airways, elevated CCR7 can most likely be attributed to increased maturation of dendritic cells. CCR7 expression did not correlate with the localization of CD1a + dendritic cells in this study. A mature dendritic cell population within the distal intrapulmonary conducting airways may be important for local immune effector responses to allergen exposure. In support of this notion, other investigators have reported the identification of long-lived dendritic cell subsets in the lung that can capture aeroallergen and activate allergen-specific Th cells [52] .
One of the goals in this study was to correlate the presence of immune cell phenotypes with expression of specific cytokines/chemokines and receptors. This is based on the assumption that key immune cells in allergic asthma express the most potent combination of cytokines in response to aeroallergen exposure. Identification of critical cellular sources for immunomodulatory cytokines has been problematic for humans, as the immune response to allergens is more complex and heterogeneous as compared with rodent species [53] . We found that mRNA levels for a number of Th2 cytokines, chemokines, and chemokine receptors were markedly elevated within more distal conducting airways (midlevel and RB); yet, this pattern did not coincide with preferential accumulation of specific immune cell populations in these regions. We did not perform an exhaustive analysis for all airway immune cells; it is possible that more specialized immune cell phenotypes preferentially accumulate within distal airways (i.e. unique T lymphocyte subsets, activated eosinophils). In asthmatic subjects, small airways exhibit a significant increase in activated eosinophils as compared with large airways; this finding is of particular importance as the degree of airways eosinophilia correlates with asthma severity [15, 17, 54] . Alternatively, structural cells within the distal airway microenvironment (i.e. epithelium, fibroblasts) could account for an additional source of cytokine/chemokine mRNA. In situ hybridization experiments using distal airways of HDM monkeys supports the former postulate, in that detection of IL-4 mRNA was limited to cells of lymphoid origin.
It has been recently proposed that peripheral regions of the lung play a more significant role than proximal airways with regard to inflammatory events and airflow obstruction in allergic asthma [55] . From a structural standpoint, because the cumulative surface area and volume of the distal airways are much greater than proximal airways, inflammatory events associated with allergen challenge are much more pronounced in the peripheral lung. Further, the peripheral lung is a major site of airflow resistance in patients with asthma [56] [57] [58] [59] . With findings from human subjects, our results suggest that the distal conducting airway is a specialized microenvironment for the acute pulmonary response to allergen challenge. It is well established that increased inflammation within the airways following allergen challenge is at least partially because of increased trafficking of immune cells from the vasculature; increased vascular expressions of ICAM-1, VCAM-1, and E-selectin in asthmatic subjects following allergen challenge provide important evidence of increased recruitment of immune cells in the acute pulmonary response [60] [61] [62] . In conjunction with adhesion molecules, both cytokines and chemokines contribute to the multi-step paradigm of leucocyte trafficking, either directly via chemotaxis or indirectly by inducing the expression of chemoattractants. Although adhesion molecules were not evaluated in this study, the finding of elevated expression of cytokines and chemokines within distal regions of the lung suggests that this site may be most important for the rapid mobilization of effector immune cells into the airways following allergen exposure; this could explain why immune cell abundance was not significantly increased in distal airway generations. Proximal airways, in contrast, may serve as a reservoir for immune cells that contribute to the chronic inflammatory response and remodeling with persistent allergen exposure. In conjunction with our previously reported findings for the animals evaluated in this study, the data suggest that elevated expression of key cytokines and increased volume of IgE + and CD25 + cells in mid-level airways is associated with enhanced responsiveness to histamine challenge.
In summary, we have found that immune cells and cytokine/chemokine mediators that play an important role in the pathogenesis of allergic asthma are differentially distributed throughout the conducting airway tree. The patterns of immune cell distribution observed here in this study, both by airway generation and compartment within the airway wall, reflect the complex spatial organization of cellular mediators that direct multi-step trafficking of leucocytes from the vasculature into the lung. The precise pathophysiological role of the distal conducting airways in allergic asthma remains unclear. Our findings suggest that peripheral airways may be an important site for the acute pulmonary immune response to allergen challenge, and could be an excellent region to target for the development of therapeutic anti-inflammatory approaches in the future. Cytokine and chemokine gene expression within airway mucosa of house dust mite (HDM)challenged rhesus monkeys. The relative mRNA expression of the listed cytokines, chemokines, and chemokine receptors were evaluated from trachea and microdissected intrapulmonary airways obtained from the right caudal lobe of HDM-challenged monkeys. Samples were collected from the trachea, most proximal intrapulmonary airway, a midlevel airway, and RB for RNA isolation; separately collected samples from each airway generation were processed for histology. (a) H&E staining of microdissected samples, showing both epithelial and interstitial organization of each airway generation. (b) Relative mRNA expression profile for different airway generations in three (#1, #2, #3) different HDM-challenged monkeys. Relative gene expression for each cytokine, chemokine, or chemokine receptor was determined from averaged Ct values from a pool of five control monkeys. Cellular distribution of IL-4 gene expression within airway mucosa of house dust mite (HDM)-challenged rhesus monkeys. Localization of IL-4 mRNA within airway mucosa was determined by in situ hybridization using cryosections from a representative HDMchallenged animal (animal #1 in Fig. 6 ). (a, c) Sections labelled with anti-sense strand IL-4 RNA probe. Arrows point to positive cells within the subepithelial region (a) as well as glands (c). (b, d) Control sections for (a) and (c) labelled with sense strand IL-4 RNA probe. Bar=20 μm.
